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than about 10 mbar/gsm. The nanofibers may be produced
from a melt film fibrillation process.
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1
ARTICLES CONTAINING NANOFIBERS FOR
USE AS BARRIERS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/563,346, filed Apr. 19, 2004.

FIELD OF THE INVENTION

The present invention relates to articles made from nano-
fibers and the barrier performance of the articles.

BACKGROUND OF THE INVENTION

The need for articles produced from nonwoven containing
nanofibers has continued to increase. The diameters of
nanofibers are generally understood to be less than about
1000 nanometer or one micron. The nanofibers webs are
desired due to their high surface area, low pore size, and
other characteristics. The nanofibers, also commonly called
microfibers or very fine fibers, can be produced by a variety
of methods and from a variety of materials. Although several
methods have been used, there are drawbacks to each of the
methods and producing cost effective nanofibers has been
difficult.

Methods of producing nanofibers include a class of meth-
ods described by melt fibrillation. Non limiting examples of
melt fibrillation methods include melt blowing, melt fiber
bursting, and melt film fibrillation. Methods of producing
nanofibers, not from melts, are film fibrillation, electro-
spinning, and solution spinning. Other methods of produc-
ing nanofibers include spinning a larger diameter bi-com-
ponent fiber in an islands-in-the-sea, segmented pie, or other
configuration where the fiber is then further processed so
that nanofibers result.

Melt fibrillation is a general class of making fibers defined
in that one or more polymers are molten and extruded into
many possible configurations (e.g. co-extrusion, homoge-
neous or bicomponent films or filaments) and then fibrillated
or fiberized into filaments.

Melt blowing is a commonly used method of producing
fibers. Typical fiber diameters range from 2 to 8 micron.
Melt blowing can be used to make fibers with smaller
diameters but with considerable changes needed to the
process. Commonly, redesigned nozzles and dies are
needed. Examples of these include U.S. Pat. Nos. 5,679,379
and 6,114,017 by Fabbricante et al. and U.S. Pat. Nos.
5,260,003 and 5,114,631 by Nyssen et al. These methods
utilize relatively high pressures, temperatures, and velocities
to achieve the small fiber diameter.

Melt fiber bursting is a derivative of mineral fiber making
process that has been applied to polymer fiber making.
Examples of mineral melt fiber bursting process include
U.S. Pat. No. 4,001,357 by Walz et al. and U.S. Pat. Nos.
4,337,074 and 4,533,376 by Muschelknautz et al. The key to
this process is the use of sonic and supersonic air (gas)
velocities to burst the melt filament into a multiplicity of fine
fibers. Typical fiber diameters range from less than 1 micron
to about 6 micron. Examples of processes with bursting
polymer melt into fine fibers include U.S. Pat. No. 5,075,161
by Nyssen et al.; European Patent Nos. 1 192 301 B1 and 0
724 029 B1 and European Patent Application 1 358 369 A2
by Gerking; and WO 04/020722 by Sodemann et al. These
methods utilize Laval nozzles to speed up the gas velocities
to sonic and/or supersonic range. When polymer melt is
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exposed to such high gas velocities, it bursts into multiplic-
ity of fine fibers. The processes are configured by use of
desired process conditions and die and nozzle geometries to
produce desired fiber sizes.

Melt film fibrillation is another method to produce fibers.
A melt film is produced from the melt and then a fluid is used
to form nanofibers from the melt film. Two examples of this
method include Torobin’s U.S. Pat. Nos. 6,315,806; 5,183,
670; and 4,536,361; and Reneker’s U.S. Pat. Nos. 6,382,
526, 6,520,425 and 6,695,992, assigned to the University of
Akron.

Film fibrillation is another method of producing nanofi-
bers although not designed for the production of polymeric
nanofibers to be used in nonwoven webs. U.S. Pat. No.
6,110,588 by Perez et al., assigned to 3M, describes of
method of imparting fluid energy to a surface of a highly
oriented, highly crystalline, melt-processed, solidified poly-
mer film to form nanofibers. The films and fibers are useful
for high strength applications such as reinforcement fibers
for polymers or cast building materials such as concrete.

Electrospinning is a commonly used method of producing
nanofibers. In this method, a polymer is dissolved in a
solvent and placed in a chamber sealed at one end with a
small opening in a necked down portion at the other end. A
high voltage potential is then applied between the polymer
solution and a collector near the open end of the chamber.
The production rates of this process are very slow and fibers
are typically produced in small quantities. Another spinning
technique for producing nanofibers is solution or flash
spinning which utilizes a solvent.

Two-step methods of producing nanofibers are also
known. The first step is to spin a larger diameter multicom-
ponent fiber in an islands-in-the-sea, segmented pie, or other
configuration. The larger diameter multicomponent fiber is
then split or the sea is dissolved so that nanofibers result in
the second step. For example, U.S. Pat. No. 5,290,626 by
Nishio et al., assigned to Chisso, and U.S. Pat. No. 5,935,
883, by Pike et al., assigned to Kimberly-Clark, describe the
islands-in-the-sea and segmented pie methods respectively.
These processes involve two sequential steps, making the
fibers and dividing the fibers.

To produce disposable articles containing nanofibers that
are commercially advantageous, the cost of the nanofibers
must be controlled. Equipment, process, process aids, and
polymer costs can all be controlled. Therefore, it is an object
of'the invention to produce nanofibers which are low in cost.

It is also desired to form products containing nanofibers
for a variety of uses and benefits. The uses include execu-
tions such as a diaper, wipe, and absorbent material, among
other uses.

SUMMARY OF THE INVENTION

The present invention is directed to articles comprising
nanofiber webs that are suitable as barriers. The articles can
include hygiene, medical, industrial, filtration, and geotex-
tile articles. Nonlimiting examples of hygiene articles
include diapers, training pants, adult incontinence pads,
catamenials products such as feminine care pads and panti-
liners, tampons, personal cleansing articles, personal care
articles, and personal care wipes including baby wipes,
facial wipes, body wipes, and feminine wipes. In addition to
the use as a barrier, the nanofiber webs can be used as a wipe,
absorbent material, and other uses. Particularly, the nanofi-
ber web can be used as a liquid barrier in a diaper as an
outercover, leg cuff, or barrier layer. It may also be used as
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a wipe for reducing the gradient of liquid, controlling
delivery of materials, and other uses.

The nanofibers, having a diameter of less than 1 micron,
can comprise a significant number of the fibers, preferably
greater than 50% of fibers, in one layer of the web contained
by the article. The nanofibers can provide high barrier and
good air permeability for a relatively low basis weight of the
web.

Heretofore, uniform nanofiber webs with low basis
weights made from commonly used polymers, such as
polypropylene and polyethylene are very challenging to
produce. Electrospinning is a common way to make nano-
fibers but not suitable for polyolefins such as polypropylene
or polyethylene. Polystyrene can be used in electrospinning
but is too brittle and will form beads. Additionally, electro-
spinning is not a suitable method for high speed production
or for in-line processing with other layers for webs. Other
methods to make nanofibers have been used but are not
controlled enough to make low basis weight uniform webs.
A uniform web is desired as any type of hole or non-
uniformity may create an unacceptable barrier. Therefore,
there is a great desire to produce a uniform low basis weight
web comprising a significant number of nanofibers.

It is preferred to produce nonwoven webs containing at
least one layer having a significant number, preferably
greater than 50%, of fibers having diameter of less than one
micron. It is also preferred that the nonwoven web have a
hydrohead to nanofiber layer basis weight ratio of greater
than about 10 mbar/gsm, preferably greater than about 15
mbar/gsm, more preferably greater than about 20 mbar/gsm
and even more preferably greater than about 30 mbar/gsm.
It may also be desired that the air permeability of the
nonwoven web be greater than about 1 m/min, preferably
greater than about 15 m/min, more preferably greater than
about 30 m/min, and most preferably greater than about 75
m/min. The product of the hydrohead and air permeability is
preferably at least about 750 mbar*meter per minute, more
preferably greater than about 1000 mbar*meter per minute,
even more preferably greater than about 2000 mbar*meter
per minute, and most preferably greater than 3000
mbar*meter per minute. The product of the hydrohead and
air permeability divided by the basis weight is typically
greater than about 500 mbar*meter per minute per gsm,
preferably greater than about 750 mbar*meter per minute
per gsm, and most preferably greater than about 1000
mbar*meter per minute per gsm.

The barrier property can be measured by hydrostatic head,
commonly called hydrohead measurements. The hydrohead
can be greater than 10 mbar and typically from about 15 to
about 150 mbar. The average fiber diameter of a significant
number of fibers in the nanofiber layer of the web can be less
than one micron and preferably from about 0.1 microns to 1
micron, more preferably from about 0.3 microns to about 0.9
microns. The basis weight of the nanofiber layer can be less
than about 25 gsm, commonly from about 0.1 to about 15
gsm, preferably less than 10 gsm or 5 gsm. The nanofiber
layer may have a basis weight in the range of from about 0.5
to about 3 gsm or from about 0.5 to about 1.5 gsm,
depending upon use of the nonwoven web. The barrier is
defined as a barrier to liquids, solids, and/or mixtures
thereof. For specific execution, the barriers can be designed
for certain surface tension liquids or other particular uses by
further modifying the surface of the fiber and/or web with a
coating designed to provide such a barrier. For example, the
nonwoven web can be surface coated to improve barrier
performance against low surface tension fluids.
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The webs of the present invention may also provide
controlled delivery of a substance during use. One example
is the delivery of lotions in a wipe. The wipe can be designed
to selectively control the barrier properties through the use
of nanofibers. This can enable timed as well as regional
delivery. The delivery of certain substances in a wipe
containing multiple substances can also be achieved. For
example, hydrophilic and hydrophobic liquids can be dis-
tributed as desired. The controlled delivery can also be of
light as different regions of the web can allow different
amounts of light to penetrate the web.

Web uniformity can be measured through several meth-
ods. Examples of uniformity metrics include low coeflicient
of variation of pore diameter, basis weight, air permeability,
and/or opacity. Uniformity can also mean lack of fiber
bundles or roping, or visible holes, or other such defects.
Uniformity may also be evaluated by the hydrohead or other
liquid barrier measurement of the web. A higher barrier
score generally indicates a more uniform web.

Pore diameter can be determined by methods known to
those skilled in the art. The mean pore diameter of the
nanofiber layer is preferably less than about 15 microns,
more preferably less than about 10 microns, and most
preferably less than about 5 microns. The desired coefficient
of variation for a uniform web can be less than 20%,
preferably less than about 15%, and more preferably about
10% or less. The lack of roping can be measured by counting
the number of ropes or bundles of fibers in a measured area
of the web. The lack of holes can also be measured by
counting the number of holes having a diameter above a
certain threshold in a measured area of the web. A scanning
electron microscope or other enlargement means can be
used. For example, the holes may be counted if they are
visible to the naked eye using a light box, or are more than
100 microns in diameter.

It may be desired to form a web of several layers. The
nanofiber layer may be combined with one, two, or more
layers. A spunbond-nanofiber-spunbond web is one
example. Basis weights for the total composite webs range
from about 5 gsm to about 100 and are commonly from
about 10 to about 50 gsm.

Many of today’s products utilize a barrier web comprising
melt blown fibers. The average diameter of melt blown
fibers is around 2 to 8 microns. Typically, melt blown webs
will have a hydrohead to basis weight ratios of about 3 to 5
mbar/gsm. The basis weight of the melt blown web is
commonly from about 2 to about 20 gsm. Air permeability
is typically from about 0.1 to 100 m/min, depending on the
method of web forming.

The nanofiber layer can be produced by any method
resulting in a uniform layer of nanofibers. Preferably, the
nanofibers are produced from a melt fibrillation process,
more preferably from melt film fibrillation process. The melt
film fibrillation process generally includes the steps of
providing a polymeric melt, utilizing a central fluid stream
to form a hollow polymeric film tube, and using this and/or
other fluid streams to form multiple nanofibers from the
hollow tube. The equipment may be designed to form a
hollow tube of film at an orifice whereby a positive pressure
fluid is blown through the center of the film subjecting it to
a stretching and quenching process causing the viscosity of
the film to increase and fibrillate once the local viscosity
reaches a critical state defined by the material characteris-
tics. The fibrillation and solidification may occur before the
fibers and fluid exit the nozzle. The equipment may be
designed so that the hollow polymeric film tube may have
melt weakened regions to help induce fibrillation. An alter-
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native apparatus of making nanofibers is a slot or slit type
nozzle design which produces a thin, relatively flat film
(instead of a hollow film tube) which results in nanofibers.

BRIEF DESCRIPTION OF THE DRAWINGS

While the specification concludes with claims pointing
out and distinctly claiming the present invention, it is
believed the same will be better understood by the following
drawings taken in conjunction with the accompanying speci-
fication.

FIG. 1 is a chart showing hydrohead/basis weight ratio for
various fiber sizes.

FIG. 2 is a chart showing hydroheadxair permeability/
basis weight for various fiber sizes.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention relates to articles made from nano-
fibers. The nanofibers are produced from one or more
thermoplastic polymers. Nonlimiting examples of thermo-
plastic polymers suitable for the present invention include
polyolefins, polyesters, polyamides, polystyrenes, polyure-
thanes, biodegradable polymers including thermoplastic
starch, PHA, PLA, starch compositions, and combinations
thereof. The homopolymer, copolymers, and blends thereof
are included within this description. The most preferred
polymers are polyolefins such as polypropylene and poly-
ethylene, nylons, and polyethylene terephthalate.

Suitable thermoplastic polymers include any polymer
suitable for melt spinning. The rheological properties of the
polymer must be such that the polymer can be melt extruded.
The melting temperature of the polymer is generally from
about 25° C. to 400° C. The polymers of the present
invention may have a melt flow rate of less than about 400
decigrams per minute. This measurement is taken as the
polymer is present in the die. The melt flow rate is measured
using ASTM method D-1238. Preferably, the melt flow rate
may be less than about 300 decigrams per minute, more
preferably less than about 200 decigrams per minute, and
most preferably less than about 100 decigrams per minute.
A most preferred range for melt flow rates is from about 1
decigram per minute to about 100 decigrams per minute.
Generally, the lower the melt flow rate the more preferred.
Therefore, polymers with melt flow rates less than about 40
decigrams per minute may be utilized.

The fibers may be single- or multi-component fibers such
as bicomponent fibers. The fibers may have a sheath-core or
side-by-side or other suitable geometric configuration. After
the fibers are made, the fibers may be treated or coated
before formed into a web. Additionally, after a web is made,
the web may be treated. Optionally, additives may be
compounded into the polymer resin and these additives
migrate out to the surface after the fibers are formed. The
additives that move to the surface may need to be cured
utilizing external energy, such as heat, or additives on
surface may need to be chemically reacted with another
component or curing may need to be catalyzed in the
presence of another component, such that additional com-
ponents may be added to the process while the fibers are
being made or after the fibers are made using the resin with
additives. Suitable treatments include hydrophilic or hydro-
phobic treatments. An example of hydrophobic treatment is
poly-di-methyl-siloxanes. The specific treatment depends on
the use of the web, type of polymer, and other factors.
Desirable treatments are familiar to those skilled in the art.
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Optionally, the polymer may contain additional materials
to provide other properties for the fiber. These may modify
the physical properties of the resulting fiber such as elastic-
ity, strength, thermal or chemical stability, appearance,
absorbency, odor absorbency, surface properties, and print-
ability, among others. A suitable hydrophilic melt additive
may be added. Optional materials may be present up to 50%
of the total polymer composition.

The method of making the nanofibers of the present
invention is preferably a melt fibrillation process, or more
preferably a melt film fibrillation process. Generally, this
process involves providing a polymeric melt, utilizing a
central fluid stream to form a polymeric film, and then using
a fluid to form multiple nanofibers from the film. Suitable
methods are detailed, for example, in U.S. Pat. No. 4,536,
361 to Torobin and U.S. Pat. Nos. 6,382,526, 5,520,425 and
6,695,992 to Reneker. The film may be a hollow tube,
relatively flat, or other suitable structure.

As further described in U.S. Pat. No. 4,536,361, the
polymer is heated until it forms a liquid and flows easily. The
melted polymer may be at a temperature of from about 0° C.
to about 400° C., preferably from about 10° C. to about 300°
C., and more preferably from about 20° C. to about 220° C.
The temperature of the polymer depends on the melting
point of the polymer or polymer composition. The tempera-
ture of the polymer can be less than about 50° C. above its
melting point, preferably less than 25° C. above its melting
point, more preferably less than 15° C. above its melting
point, and just at or above its melting point or melting range.
The melting point or range is measured using ISO 3146
method. The melted polymer will typically have a viscosity
of from about 1 Pa-s to about 1000 Pa-s, typically from
about 2 to about 200 Pa-s and more commonly from about
4 to about 100 Pa-s. These viscosities are given over a shear
rate ranging from about 100 to about 100,000 per second.
The melted polymer is at a pressure of about atmospheric
pressure or slightly elevated.

In one method, the fiberizing fluid may push through the
polymer liquid film to form a hollow polymer tube by
blowing and applying pressure on the film and then inner
surface of the tube. In another method detailed in U.S. Pat.
No. 6,695,992, the fiberizing fluid will form a sheet of thin
film from a slit or slot type die design. The fiberizing fluid
may be at a temperature close to the temperature of the
melted polymer. Non-limiting examples of the fiberizing
fluid are gases such as nitrogen or more preferably air. The
fiberizing fluid temperature may be a higher temperature
than the melted polymer to help in the flow of the polymer
and the formation of the hollow tube or flat film. Alterna-
tively, the fiberizing fluid temperature can be below the
melted polymer temperature to assist in the formation and
solidification of the nanofibers. The fiberizing fluid tempera-
ture is less than about 50° C. above the polymer melting
point, preferably less than 25° C. above the polymer melting
point, more preferably less than 15° C. above the polymer
melting point, or just at or above the polymer melting point.
The fiberizing fluid temperature may also be below the
process temperature, down to 15° C. The pressure of the
fiberizing fluid is sufficient to blow the nanofibers and can be
slightly above the pressure of the melted polymer as it is
extruded out of the orifice.

The fiberizing fluid will generally have a pressure below
5000 psi. Preferably, the fiberizing fluid pressure will be less
than 1000 psi, more preferably less-than about 100 psi, and
most preferably from about 15 to about 80 psi.

The polymer throughput will primarily depend upon the
specific polymer used, the nozzle design, and the tempera-
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ture and pressure of the polymer. The polymer throughput
will be more than about 1 gram per minute per orifice.
Preferably, the polymer throughput can be more than about
5 gram per minute per orifice and more preferably greater
than about 10 gram per minute per orifice. There will likely
be several orifices operating at one time which increases the
total production throughput. The throughput, along with
pressure, temperature, and velocity, are measured at the die
orifice exit. Another way to describe the throughput is to use
the term of extruded wet length. The polymer throughput
will be more than about 0.3 gram per centimeter of extruded
wet length. The extruded wet length is defined is the linear
distance of the molten film before nanofibers are produced.
For example, if the present invention is manifested using
discrete nozzles and the nozzle orifice diameter is 1 centi-
meter, the mass throughput rate for that nozzle is 1 gram/
minute, the overall rate is 0.318 gram per cm per minute.
Preferably, the polymer throughput will be more than about
3 gram per cm per minute, more preferably greater than
about 6 gram per cm per minute, and most preferably greater
than 10 gram per cm per minute.

An entraining or other fluid may be used to induce a
pulsating or fluctuating pressure field to help in forming a
multiplicity of nanofibers. The entraining fluid can be pro-
vided by a transverse jet which is located to direct the flow
of entraining fluid over and around the film and nanofiber
forming region. The entraining fluid can have a velocity of
from about 1 to about 100 meter per second and preferably
from about 3 to about 50 meter per second. The temperature
of the entraining fluid can be the same as the above fiber-
izing fluid, but it is typically about the same temperature as
the melted polymer just as the film is formed. An air curtain
or other ancillary air stream can also be used to affect the
spray pattern of nanofibers from two or more nozzles. This
air stream or curtain may aid in shielding the spray forma-
tions between adjacent nozzles or may aid in compressing
the spray pattern. The air curtain or stream may improve the
uniformity of the web.

Another fluid stream, a quench or heating fluid, can
optionally be used. This third fluid stream can be located to
direct fluid into the nanofibers to cool or heat the fibers. If
the fluid is used as a quenching fluid, it is at a temperature
of from about -20° C. to about 100° C. and preferably from
about 10° C. to 40° C. If the fluid is used as a heating fluid,
it is at a temperature of from about 40° C. to 400° C. and
typically from about 100° C. to about 250° C. Any fluid
stream may contribute to the fiberization of the polymer melt
and can thus generally be called fiberizing fluids. Any of the
fluid streams may contain the treatments or additives for
changing the surface, chemical, physical, or mechanical
properties of fibers made.

The distance from the orifice or nozzle to collector
distance, commonly called die-to-collector distance (DCD),
can be optimized. The optimization may aid in producing a
more uniform web. A reduction in the DCD may help to
reduce the amount of fiber bundling or roping. This lower
distance does not enable the fibers to have time to entangle,
wrap around one another, or bundle. It may be desired to
utilize more than one DCD for a web, to change the DCD
during production, or to have different beams with different
DCDs. It may be desirable to form a web with different
uniformities by changing the DCD.

Nonlimiting examples of other nanofiber making pro-
cesses from polymeric melts include melt fiber bursting,
advanced melt blowing, and fibers splitting from multicom-
ponent fibers and solid films. Examples of melt fiber burst-
ing processes utilizing bursting polymer melt into fine fibers
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include U.S. Pat. No. 5,075,161 by Nyssen et al.; European
Patent Nos. 1 192 301 B1 and 0 724 029 B1 and European
Patent Application 1 358 369 A2 by Gerking; and WO
04/020722 by Sodemann et al. These methods utilize Laval
nozzles to speed up the gas velocities to sonic and/or
supersonic range. When polymer melt is exposed to such
high gas velocities, it bursts into multiplicity of fine fibers.

Nyssen et al. disclose in U.S. Pat. No. 5,075,161 a method
of'bursting polyphenylene sulfide melt into fine filaments. In
this method, the Laval nozzle is positioned just after the
spinning nozzle. Polymer fibers having an average fiber
diameter of less than about 6 microns, preferable from about
0.2 microns to 6 microns, are produced by subjecting the
polymer melt streams to drawing out and cooling to below
the melt temperature by extruding them into a gaseous
medium which flows essentially parallel to the polymer melt
streams and attains sonic or supersonic speed. This simul-
taneous deformation and cooling gives rise to amorphous
fine or extremely fine fibers of finite length. High speed fiber
bursting minimizes the surface oxidation of the fibers. WO
04/020722 by Sodemann et al. disclose a similar method of
producing fine filament spunbonded nonwoven from fiber
bursting of thermoplastic polymers by using sonic and
supersonic fluid velocities. In said process, the Laval nozzle
is placed underneath the spinning nozzle. The spinning
speed, melt temperature, and the position of the Laval nozzle
are appropriately set to achieve only partial thermal oxida-
tion of fine filaments at their surface. The fibers produced by
this method have been disclosed to have diameter of less
than 1 micron, and are connected to one another at discrete
points. Methods and apparatus disclosed by Gerking in
European Patent Applications 1 192 301 B1 and 1 358 369
A2 also utilize Laval nozzle to speed up gas to sonic and
supersonic velocity that is used to burst the polymer melt
into multiplicity of fine filaments.

Melt film fibrillation process differs from melt fiber
bursting process in how the fibers are made and the starting
melt geometry from which fine filaments are produced. Melt
film fibrillation starts with a film, in some instances a hollow
melt film tube, that is thinned by central air jet and then
fibrillates into multiplicity of nanofibers. In contrast, the
starting melt geometry of melt bursting is a filament melt
that when exposed to sonic and supersonic gas velocity in
Laval nozzle bursts into multiplicity of nanofibers. Fibrous
webs made from the processes may differ in uniformity
because of differences in fiber-to-fiber separation and fiber
bundle formations.

Various processes and combination of processes can be
used to make the webs of the present invention. Preferred
methods are methods which produce uniform nanofiber
layers. Melt fiber bursting can be combined with melt film
fibrillation with two separate beams on a single line. Various
aspects of melt fiber bursting could be incorporated into melt
film fibrillation. For example, fibers of different strengths
and diameters could be produced to provide a desired
combination of properties. Alternatively, aspects of melt film
fibrillation can be included in other melt fibrillation pro-
cesses to increase the throughput rate by utilizing a hollow
elongated tube to form fibers. For example, a melt film
fibrillation process could be modified to include a Laval
nozzle to aid in drawing down the fibers. Drawing down can
aid in further attenuation and increase the strength of the
fibers. This may be particularly preferred for high Tg poly-
mers such as polyesters where crystallization is stress
induced.

The nanofibers of the present invention are used to make
nonwoven webs suitable for barrier properties in articles.
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The web is defined as the total nonwoven composite. A web
may have one or several layers which are consolidated by
thermal point-bonding or other techniques to attain strength,
integrity and certain aesthetic characteristics. A layer is the
web or part of a web that is produced in a separate fiber lay
down or forming step. The webs of the present invention will
comprise one or more layers having a significant number of
nanofibers having diameters of less than one micron. A
significant number is defined as at least about 25%. The
significant number of fibers can be at least about 35%, at
least about 50%, or more than about 75% of the total number
of fibers in the layer. The web could have more than about
90% or about 100% of the fibers having a diameter of less
than about one micron. The fiber diameters of the web are
measured using a scanning electron microscope at a mag-
nification of greater than about 500 times and up to about
10,000 times as needed for visual analysis. To determine if
a significant number of fibers have diameters less than one
micron, at least about 100 fibers and preferably more fibers
must be measured. The measurements must occur at various
regions throughout the layer. Sufficient sampling that is
statistically significant must occur.

The fiber diameter of the remaining larger fibers in the
nanofiber layer, up to 75%, may have fiber diameters in any
range. Typically, the larger fiber diameters will be just above
one micron to about 10 microns.

Preferably, a significant number of fibers in a nanofiber
layer will have a fiber diameter of less than about 900
nanometers and more preferably from about 100 nanometers
to about 900 nanometers. Other preferably ranges of fiber
diameter are less than about 700 nanometers and from about
300 to about 900 nanometers. The preferred diameters
depend upon the use of the web. It may be desirable to have
a significant number of fibers having a diameter of less than
about one micron and a significant number of fibers having
a diameter of great than about one micron. The larger fibers
may trap and immobilize the nanofibers. This may help to
reduce the amount of clumping or roping of the nanofibers
and prevent the nanofibers from being carried off by stray air
currents.

The layer of nanofibers in a web of the present invention
may contain more than one polymer. Different polymers or
polymer blends may be used for different orifices to produce
layers in a web having different fiber diameters and different
polymer compositions.

It may be desirable to produce a single layer nonwoven
with varying fiber diameters. Alternatively, it can be desired
to produce a nonwoven web with multiple layers with each
layer having different fiber diameters. The melt film fibril-
lation process can be modified to produce both small and
large diameter fibers to make various webs. The smaller fiber
diameters are referred to as having a significant number of
fibers having a diameter of less than one micron. The larger
diameter fibers include fibers from the melt blowing range
(typically 3 to 5 microns) to the spunbond (typically around
10 microns) or any range of fiber diameters above 1 micron.
For example, one layer can be produced with an average
fiber diameter of less than one micron and another layer with
an average fiber diameter of around 5 microns. This type of
structure could be used where traditionally spunbond-melt-
blown-spunbond (SMS) webs are used. The webs with
various fiber diameters can be produced on the same line
with the same equipment. This is an inexpensive way as the
same equipment and components can be used. The operating
costs and equipment costs are both controlled. Also, if
desired, the same polymer can be used to produce different
fiber diameters.
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The articles of the present invention will contain the
described nonwoven webs. The web may comprise the entire
articles, such as a wipe, or the web may comprise one
component of the article, such as a diaper. Hygiene articles
are preferred articles. The hygiene articles include diapers,
training pants, adult incontinence pads, catamenials prod-
ucts such as feminine care pads and pantiliners, tampons,
personal cleansing articles, personal care articles, and per-
sonal care wipes including baby wipes, facial wipes, body
wipes, and feminine wipes. Personal care articles include
articles such as wound dressings, active delivery wraps or
patches, and other substrates that are applied to the body,
particularly the skin. Disposable underwear or clothing and
protective wear for personal or industrial uses may also be
desired. Other uses of wipes can be clean room wipes or
decontamination wipes for use to absorb or control spills and
other industrial wipes.

In a diaper, the web may be used as a barrier layer such
as a barrier-on-core or an outercover. The webs may also be
used as a high barrier cuff with a high hydrostatic head to
enable low leakage incident rates of thin, narrow crotch
diapers desired for comfort and fit. A typical web utilizing
nanofibers is a web wherein the nanofiber layer is combined
with at least one spunbond layer and consolidated using
thermal point-bonding, hydro-entangling or other tech-
niques suitable and appropriate for the end-use. There may
be one or two spunbond layers encompassing the nanofiber
layer.

In a diaper or other disposable absorbent product, the
nonwoven web containing nanofibers may be utilized as a
barrier layer. The barrier layer may be disposed between an
absorbent core and an outer layer containing a garment. The
absorbent core is the component of the article that is
primarily responsible for fluid handling properties such as
acquiring, transporting, distributing, and storing body fluids.
The absorbent core is typically located between a liquid
pervious body-side inner layer and a vapor permeable, liquid
impermeable outer cover. The outer layer, also known as the
back sheet or outer covering, is located on the outside of the
disposable product. In the case of a diaper, the outer layer
contacts the user’s garment or clothing. The barrier layer
may alternatively or also be disposed between the absorbent
core and an inner layer. The inner layer, also known as a top
sheet, is located on the side closest to the user’s skin. The
inner layer may contact the user’s skin or may contact a
separate top sheet with contacts the user’s skin. The barrier
layer may be absorbent. The barrier layer most preferably
has a balance between convective air flow and absorptive
barrier property. The convective air flow property is effec-
tive to reduce the relative humidity within the space between
the absorbent article and the wearer’s skin. The combination
of liquid absorption and liquid barrier property provides
protection against the wet through problem and is especially
beneficial when the absorbent article is under impact and/or
sustained pressure. Further description and benefits of the
barrier layers may be found in WO 01/97731.

The webs may be used in wipes to enable improved lotion
handling and reduced gradient of liquids. The webs may also
provide controlled delivery of a substance. The delivered
substance can be of liquids, lotions, actives, or other mate-
rials. Due to the high surface area of the nanofibers, the webs
may be used as absorbent materials for wipes or cores of
feminine care product pads, diapers, training pants, or adult
incontinence. The webs may provide enhanced distribution
of fluids and/or retention. Additionally, the webs for absor-
bent uses may be made with added particulates or absorbent
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or natural fibers for increased absorbance or certain layers of
the webs may have different properties.

The nanofiber webs may also be used in articles wherein
opaqueness is desired. Added opaqueness may result due to
the small fiber diameter and uniformity or pigments may be
added to the polymer melt or webs. The webs have also been
found to have low linting. This may be due to longer length
fibers or entangling of fibers in the web.

Other products that will benefit from a nanofiber web
include filters. Filters can be for industrial, personal, or
home use and can be used to filter air, liquids, or small
particles. Industrial uses can include automotive, furnace,
water, and other types of filters. A type of personal filter
includes a filter mask such as a surgical mask. Other medical
uses of webs containing nanofiber layers include surgical
gowns, wound dressings, and medical barriers. The webs
can also be used as noise and thermal insulators, for outdoor
gear, clothing, and as conducting fibers.

TEST METHODS

Air Permeability

The air permeability is determined by measuring the time
in which a standard volume of air is drawn through the test
specimen at a constant pressure and temperature. This test is
particularly suited to materials having relatively high per-
meability to gases, such as nonwovens, apertured films and
the like. A TexTest FX3300 instrument is used. (Available by
Textest AG in Switzerland (www.textest.ch), or from
Advanced Testing Instruments in Spartanburg S.C., USA.)
The Test Method conforms to ASTM D737. The test is
operated in a laboratory environment at about 22+2° C. and
about 50% relative humidity. The test pressure is 125 Pascal
and the test area is 38 cm?. In this test, the instrument creates
a constant differential pressure across the sample which
draws air through the sample. The rate of air flow through
the sample is measured in {t*/ft*/min (often called cfm or
ft/min) or m/min. For each sample, three replicates should
be run, and the average result is reported.
Hydrostatic Head (Hydrohead) Pressure or Repellency Test

The property determined by this test is a measure of the
liquid barrier property (or liquid impermeability) of a mate-
rial. Specifically, this test measures the hydrostatic pressure
the material will support when a controlled level of water
penetration occurs. A TexTest Hydrostatic Head Tester
FX3000 (available from Advanced Testing Instruments,
Corp., Spartanburg, S.C., or by Textest AG in Switzerland
(www.textest.ch)) is used. The test method conforms to
EDANA 120.2-02 and INDA 80.6. For this test, pressure is
applied to a defined sample portion and gradually increases
until water penetrates through the sample. The test is con-
ducted in a laboratory environment at about 22+2° C.
temperature and about 50% relative humidity. The sample is
clamped over the top of the column fixture, using an
appropriate gasketing material (o-ring style) to prevent side
leakage during testing. The area of water contact with the
sample is equal to the cross sectional area of the water
column, which equals 28 cm®. Water is pumped into the
water column at a rate of 3 mbar/min. Thus, the sample is
subjected to a steadily increasing water pressure on one
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surface. When water penetration appears in three locations
on the other surface of the sample, the pressure at which the
third penetration occurs is recorded. If water immediately
penetrates the sample (i.e., the sample provided no resis-
tance), a zero reading is recorded. For each material, three
specimens are tested and the average result is reported.
Basis Weight or Grammage

Basis weight can be measured consistent with compendial
methods ASTM D 756, ISO 536 and EDANA ERT40.3-90.
Basis weight is defined as mass per unit area, with grams per
square meter (often called gsm rather than g/m?®) as the
preferred unit. Required instruments are a scissors or a
die-cutter for sample cutting and an accurate weighing
device (scale). A sample is cut to a total area of 100 cm? per
layer with an accuracy and precision of +0.5%. A scale or
balance is needed with 0.001 g sensitivity, readable, cali-
brated and accurate to within 0.25% of the applied load. The
samples are conditioned at 23° Celsius (x2° C.) and at a
relative humidity of about 50% for 2 hours to reach equi-
librium. Weigh the cut sample with 10 plies from the sample
area for a total of 1000 cm*=0.1 m* on an analytical balance
to the nearest 0.001 g and record the weight. (For samples
thicker than 1 mm, weighing only 1 plie is preferred but
should be noted if done so.) Calculate the basis weight by
dividing the weight by the sample area (all layers tested) to
give the basis weight in gsm. All data are recorded for
statistic analysis.

Fiber Diameter (and Denier)

Fiber diameters are determined by using a Scanning
Electron Microscope (SEM) and image analysis software. A
magnification of 500 to 10,000 is chosen such that the fibers
(or filaments) are suitably enlarged for measurements.
Image analysis software for automatic sampling of fiber
diameter in the SEM picture is possible, but also a more
manual procedure can be used. In principle the edge of a
randomly selected fiber is sought and then measured across
the width (perpendicular to fiber direction at that spot) to the
other edge of the fiber. A scaled and calibrated image
analysis tool provides the scaling to get the actual reading in
meter or mm or micrometers (um), e.g. Several fibers or
filaments are thus randomly selected across the sample of
web in the SEM. Typically several samples from a web are
cut and tested in this manner. Altogether at least about 100
such measurements are made and all data are recorded for
statistic analysis. If the result is to be recorded in denier, then
the following calculation needs to be made. Diameter in
denier=Cross-sectional area*density*9000 m*1000 g/kg.
The cross-sectional area is w*diameter’/4. The density for
PP, e.g., can be taken as 910 kg/m®. To obtain decitex (dtex),
instead of using 9000 m, use 10,000 m.

EXAMPLES

Samples have been prepared using several technologies
and evaluated with the described methods. The samples are
composites of extrudable polypropylene of one or more
nanofiber layers and adjacent larger diameter fibrous layers.
Furthermore, all the composites were consolidated or
bonded using a thermal pointbonding process. Basis weights
and fiber diameters are given as average data.

Sample

Type Composite

Large diameter fibrous layers Nanofiber layers

1 SMS, SM

Diameters of 0.7 to 4 micron;
basis weights 2 to 20 gsm.

Diameters 12-20 micron; basis
weights 5-20 gsm per S-layer
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-continued
Sample
Type Composite Large diameter fibrous layers Nanofiber layers
2 SN Diameters 12-20 micron, basis Diameters of 0.5 to 0.9,
weights 10-15 gsm basis weighs of 0.5 to 22 gsm.

3 Spunbond- Diameters of 15-20 micron, basis Diameters of 0.1 to 0.3 micron,
Electrospun weights 10-15 gsm basis weights of 2 and 3 gsm.
composite (2 samples)

(“Electrospun”)

Of every sample type, various samples were made at the
different basis weights listed (according to line speed), and
then tested for fiber size, hydrostatic head and air perme-
ability according to the methods described. The hydrostatic
head for the “electrospun sample” was predicted by com-
prehensive computer modeling based on Laplace equation.
Surface energy of polypropylene was used. Other web
characteristics such as fiber size, basis weight, and caliper
were acquired from electrospun Nylon-6 with average fiber
diameters from 0.1 to 0.3 microns. To give the effectiveness
of the nanofiber layers in the composites, the hydrostatic
head result can be divided by the basis weight of the
nanofiber layer. Giving one of the samples as a comparative
example for sample type 1, the SMS is made as known to
those skilled in the art, is a composite with basis weight for
the S/M/S layers of 13.5/3/13.5 gsm, with the S-layer
diameter being around 18 micron and the M-layer diameter
being around 2 micron. The above chart shows the several
samples and basis weights of the nanofiber layer and diam-
eters of the nanofiber layers.

FIG. 1 is a chart graphing hydrohead/basis weight versus
fiber diameter size. As can be seen, the finer the diameter of
the fibers in the nanofiber layers, the higher the hydrostatic
head result, when normalized by basis weight.

In FIG. 2, the samples of the examples are evaluated for
a combined product of gas permeability (air permeability
method) and liquid barrier (using hydrostatic head method).
The chart graphs hydroheadxair permedability/basis weight
versus fiber diameter size. The important observation is that
an optimum can be reached within a certain fiber diameter
range. The method of creating fibers of that diameter may
not be critical, but the final diameter is important.

Samples that exhibit similar trends can be prepared using
other technologies, such as composites comprising fibrous
webs from other melt fibrillation processes, such as for
example using islands-in-the-sea.

A preferable diameter for fibers in the nanofiber layers to
attain an optimal high liquid-barrier and gas-permeability
product is between 0.1 and about 1 micrometer, and most
preferably between 0.3 and 0.7 microns. Alternatively, the
respective pore size diameter can be used to describe this
range.

Without being bound by theory, it is believed that there is
an optimal fiber size for barrier and air permeability perfor-
mance. For larger pore sizes, surface tension dominates the
barrier performance. For medium pore sizes, surface tension
and drag forces both affect barrier performance. For very
small pore size (for nanofibers), drag forces dominate the
barrier performance. The barrier to liquid increases to a
larger degree than the barrier to air with a decrease in pore
size as liquid drag increases at a faster rate than air drag.
Therefore, an optimal fiber diameter size can be found where
air permeability is not significantly reduced but liquid bar-
rier performance is high. Drag forces, as used herein, refer
to frictional drag forces.
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All documents cited are, in relevant part, incorporated
herein by reference; the citation of any document is not to be
construed as an admission that it is prior art with respect to
the present invention.

While particular embodiments of the present invention
have been illustrated and described, it would be obvious to
those skilled in the art that various other changes and
modifications can be made without departing from the spirit
and scope of the invention. It is therefore intended to cover
in the appended claims all such changes and modifications
that are within the scope of this invention.

What is claimed is:

1. A nonwoven web comprising:

a first layer of spunbond fibers;

a second layer of spunbond fibers; and

at least one nanofiber layer disposed between said first

and second layers of spunbond fibers, said nanofiber
layer comprising at least 50% nanofibers with a diam-
eter ranging from 500-900 nanometers, said nanofiber
layer having a basis weight of less than about 25 gsm,
a mean pore diameter of less than about 15 microns,
and a coefficient of variation in at least one of the
following of less than 20%: pore diameter, basis
weight, air permeability, and/or opacity; wherein the
nonwoven web has a hydrohead greater than 10 mbar
and air permeability greater than 1 m/min, wherein a
product of the hydrohead and the air permeability
divided by the basis weight is greater than about 500
mbar*meter per minute per gsm.

2. The nonwoven web of claim 1 wherein the product of
the hydrohead and the air permeability divided by the basis
weight is greater than about 750 mbar*meter per minute per
gsm.

3. The nonwoven web of claim 1 wherein the nanofiber
layer has a basis weight of from about 0.5 gsm to about 3
gsm.

4. The nonwoven web of claim 1 wherein the nanofiber
layer has a basis weight of from about 3 gsm to about 15
gsm.

5. A nonwoven web comprising:

a first layer of spunbond fibers;

a second layer of spunbond fibers; and

at least one nanofiber layer disposed between said first

and second layers of spunbond fibers, said nanofiber
layer having at least 50% nanofibers with a diameter
ranging from 500 to 900 nanometers, a basis weight of
less than about 25 gsm, and a mean pore diameter of
less than about 15 microns, wherein the nonwoven web
has a hydrohead to nanofiber layer basis weight ratio of
at least 10 mbar/gsm and an air permeability of at least
15 meter per minute wherein a product of hydrohead
and air permeability divided by basis weight is at least
500 mbar*meter per minute per gsm.
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6. The nonwoven web of claim 5 wherein the nonwoven
web has a hydrohead to nanofiber layer basis weight ratio of
at least 20 mbar/gsm and an air permeability of at least 75
meters per minute.

7. The nonwoven web of claim 5 wherein the basis weight
of'the nonwoven web is from about 0.5 gsm to about 15 gsm.

8. The nonwoven web of claim 5 wherein the product of
hydrohead and air permeability is at least 750 mbar*meter
per minute.

9. An article comprising a nonwoven web of claim 1.

10. The article of claim 9 wherein the article is selected
from the group consisting of diapers, training pants, adult
incontinence pads, catamenials products such as feminine
care pads and pantiliners, tampons, personal cleansing
articles, personal care articles, and personal care wipes such
as baby wipes, facial wipes, body wipes and feminine wipes,
and combinations thereof.

11. The article of claim 10 wherein the nonwoven web is
a liquid barrier layer.

12. The article of claim 11 wherein the barrier layer is
disposed between an absorbent core and an outer layer
contacting a garment or is disposed between an absorbent
core and an inner layer contacting a user’s skin.

13. The article of claim 11 wherein the nonwoven web is
surface coated to improve barrier performance.

14. An article comprising a nonwoven web of claim 5
wherein the article is selected from the group consisting of
diapers, training pants, adult incontinence pads, catamenials
products such as feminine care pads and pantiliners, tam-
pons, personal cleansing articles, personal care articles, and
personal care wipes such as baby wipes, facial wipes, body
wipes and feminine wipes, and combinations thereof.

15. The article of claim 14 wherein the nonwoven web is
a liquid barrier layer.

16. The article of claim 15 wherein the barrier layer is
disposed between an absorbent core and an outer layer
contacting a garment or is disposed between an absorbent
core and an inner layer contacting a user’s skin.

17. A nonwoven web comprising:

a first layer of spunbond fibers;

a second layer of spunbond fibers; and

at least one nanofiber layer disposed between said first

and second layers of spunbond fibers, said nanofiber
layer having at least 50% nanofibers with a diameter
ranging from 500 to 900 nanometers, a basis weight of
from about 0.1 gsm to about 15 gsm, and a mean pore
diameter of less than 15 microns, wherein the nonwo-
ven web has a hydrohead to the nanofiber layer basis
weight ratio of greater than about 10 mbar/gsm, an air
permeability of at least 15 meter per minute and a
product of hydrohead and air permeability divided by
basis weight of at least 500 mbar*meter per minute per
gsm.

18. The nonwoven web of claim 1 wherein the nanofiber
layer has a basis weight of from about 0.5 gsm to about 1.5
gsm.

19. The nonwoven web of claim 1 comprising larger fibers
having diameters ranging from above 1 micron to about 10
microns.

20. The nonwoven web of claim 19 wherein the nanofi-
bers and larger fibers are in a single layer.

21. The nonwoven web of claim 19 wherein the nanofi-
bers and larger fibers are in different layers.

22. The nonwoven web of claim 1 wherein the nanofiber
layer has a coefficient of variation in pore diameter of less
than 20%.
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23. A nonwoven web comprising:

a first layer of spunbond fibers;

a second layer of spunbond fibers; and

at least one nanofiber layer disposed between said first

and second layers of spunbond fibers, said nanofiber
layer comprising at least 90% nanofibers with a diam-
eter ranging from 500-900 nanometers and larger fibers
having diameters ranging from above 1 micron to about
10 microns, said layer having a basis weight of less
than about 10 gsm, a coefficient of variation in basis
weight of less than 20%, and a mean pore diameter of
less than about 15 microns.

24. A nonwoven web comprising at least one nanofiber
layer having at least 50% nanofibers with a diameter ranging
from 500-900 nanometers, a basis weight of less than about
25 gsm, and a mean pore diameter of less than about 15
microns, wherein the nonwoven web has a hydrohead and
air permeability wherein a product of the hydrohead and the
air permeability divided by the basis weight is greater than
about 500 mbar*meter per minute per gsm, and where the at
least one nanofiber layer is adjacent at least one large fiber
diameter layer with the large fiber diameters between 12 and
20 micron.

25. The nonwoven web of claim 24 where the sum of the
basis weights of one or more adjacent large fiber diameter
layer is from 5 to 20 gsm.

26. The nonwoven web of claim 24 where the sum of the
basis weights of one or more adjacent large fiber diameter
layer is from 5 to 15 gsm.

27. The nonwoven web of claim 24 wherein the nanofiber
layer has a basis weight of from about 0.5 gsm to about 1.5
gsm.

28. The nonwoven web of claim 1 wherein the nanofiber
layer has a coefficient of variation in basis weight of less
than 20%.

29. The nonwoven web of claim 1 wherein the nanofiber
layer has a coeflicient of variation in air permeability of less
than 20%.

30. The nonwoven web of claim 1 wherein the nanofiber
layer has a coefficient of variation in opacity of less than
20%.

31. The nonwoven web of claim 1 wherein the nanofiber
layer comprises a melt fibrillated layer.

32. The nonwoven web of claim 1 wherein the nanofiber
layer comprises a melt film fibrillated layer.

33. The nonwoven web of claim 31 wherein the nanofi-
bers are comprised of a composition selected from the group
consisting of at least one of: polypropylene and polyethyl-
ene.

34. An article comprising the nonwoven web of claim 1
wherein the article is selected from the group consisting of
diapers, training pants, adult incontinence pads, catamenials
products such as feminine care pads and pantiliners, and
tampons.

35. A diaper according to claim 34 wherein the nonwoven
web is in a barrier cuff.

36. The nonwoven web of claim 23 wherein the larger
fibers have diameters ranging from 6 microns to about 10
microns.

37. A nonwoven web comprising:

a first layer of spunbond fibers;

a second layer of spunbond fibers; and

at least one melt fibrillated nanofiber layer disposed

between said first and second layers of spunbond fibers,
said nanofiber layer comprising at least 50% nanofibers
with a diameter ranging from 500-900 nanometers,
wherein said nanofibers comprise at least one of: poly-
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propylene and polyethylene, wherein said nanofiber
layer a basis weight of less than about 25 gsm, and a
mean pore diameter of less than about 15 microns,
wherein the nonwoven web has a hydrohead greater
than 10 mbar and air permeability greater than 1 m/min, 5
wherein a product of the hydrohead and the air perme-
ability divided by the basis weight is greater than about
500 mbar*meter per minute per gsm.
38. The nonwoven web of claim 1 which is consolidated
by thermal point bonding. 10
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